Despite the growing popularity of new alternatives to traditional tobacco products, there is still limited evidence on their indoor effect in particular in residential spaces as specific environments where enforcement of air quality standards is difficult. Hence, the impact of the Tobacco Heating System 2.2 (THS, marketed as IQOS®) on indoor air quality was assessed under controlled experimental conditions using ventilation representative of residential buildings with natural ventilation. Smoking of cigarettes (Marlboro Gold®) at the same ventilation conditions and consumption rates was used as positive control. Before each THS 2.2 or Marlboro Gold session, a background session with the same volunteers as for the product-use session was held. In the high-load simulated residential environment, out of the 24 measured airborne constituents, only the increase of the indoor concentrations of nicotine, acetaldehyde, and glycerin above the background was attributable to the use of THS 2.2. The quantified concentrations of these three airborne compounds were significantly below the harmful levels defined in the air quality guidelines. Smoking Marlboro Gold resulted in much greater increases in the concentrations of all measured indoor air constituents, except for glycerin, and the indoor concentrations of several constituents exceeded the exposure levels set forth by cognizant authorities. Based on these data, it is reasonable to conclude that the use of THS 2.2 in environments where norms for indoor exposure in terms of adequate ventilation are respected does not adversely affect the overall indoor air quality.
Introduction
A global decline in the rate of cigarette smoking has been observed in recent years. However, this has not translated into a smaller number of smokers. Indeed, even if the proportion of the population that smokes has declined, the number of smokers has not, the latter being explained by the overall population growth (World Health Organization 2017) . In fact, in 2007, there were 1.1 billion smokers in the world, and this number did not change by 2015 (World Health Organization 2017) . Recognizing this, the strategy of tobacco harm reduction, making less harmful products available to smokers who would otherwise continue to smoke, is being given serious consideration by some regulators (Royal College of Physicians 2016).
In the last decades, new alternatives to traditional tobacco products have been introduced to the market. These include smokeless tobacco, e-cigarettes, heated tobacco products, hybrid systems, and tobacco vapor products (Ichitsubo and Kotaki 2018; Royal College of Physicians 2016; Smith et al. 2016) .
The Tobacco Heating System (THS, marketed under the IQOS brand name) 2.2 ( Supplementary Fig. S1 ) uses an electronically controlled mechanism to precisely heat the specially designed tobacco sticks at temperatures below those required for combustion (Smith et al. 2016) . As a result, the aerosol generated by THS 2.2 contains significantly lower levels of harmful and potentially harmful compounds (HPHC) than those found in cigarette smoke and no carbon-based solid particles (Bekki et al. 2017; Mallock et al. 2018; Pratte et al. 2017; Schaller et al. 2016 ). An extensive scientific assessment Electronic supplementary material The online version of this article (https://doi.org/10.1007/s11869-019-00697-6) contains supplementary material, which is available to authorized users.
program has shown that compared with reference cigarettes, this is reflected in reduced cytotoxicity, in vitro genotoxicity, and mutagenicity, lower in vivo adverse effects in animal models (Smith et al. 2016) . It also results in a significantly reduced exposure to HPHCs, excluding nicotine, in adult smokers switching from cigarette consumption to THS 2.2 (Smith et al. 2016) .
When assessing THS 2.2, it is important not only to study the effect on actual users but also to determine whether there could be a possible impact on potential bystanders. One way to assess this is to evaluate whether the indoor use of the product could have a measurable effect on air quality.
To enhance understanding of the environmental aerosol of THS 2.2, an overview of the available information on environmental tobacco smoke (ETS or secondhand smoke) of cigarettes is necessary.
ETS is recognized as a contributor to indoor air pollution, negatively affecting indoor air quality (IAQ) (Pope et al. 2010; van Erp et al. 2011) . ETS is an aged and diluted mixture of sidestream smoke emitted from the lit end of a smoldering cigarette and exhaled mainstream smoke from the smoker (Baker and Proctor 1990; Jenkins et al. 2000) . The exhaled mainstream smoke contributes 3-11% of carbon monoxide (CO), 15-43% of particles, and 1-9% of nicotine to ETS (Baker and Proctor 1990) . In addition, cigarette smoke spilled from the mouth prior to inhalation (mouth-spill) may also contribute to ETS (Jenkins et al. 2000) .
In general, the same constituents as in mainstream and sidestream smoke are present in ETS, although diluted and mixed with constituents in ambient air (Baker and Proctor 1990; Jenkins et al. 2000) . Sidestream smoke, the major contributor to ETS, is slightly more alkaline than mainstream smoke and contains greater quantities of ammonia and bases. Exhaled mainstream smoke is the second largest contributor to ETS; it is important to highlight that the quantities of nicotine and volatile compounds present in such smoke are substantially lower than those present in the inhaled mainstream smoke, since a large proportion of these substances are retained by the smoker after inhalation (Baker and Proctor 1990; Jenkins et al. 2000) . The complex mixture of particles and gas-vapor-phase components of ETS is rapidly diluted and dispersed after emission into the indoor environment and undergoes changes in its physicochemical properties due to shifts in vapor-particle distributions, sorption and desorption of vapor-phase components on indoor surfaces, and chemical reactions, the latter being poorly investigated (Daisey 1999 ). Thus, ETS has different physicochemical properties to those of mainstream and sidestream smoke. As a consequence of evaporation, the median particle size of ETS is smaller than that of mainstream smoke, and most of the smoke constituents are found in the vapor phase (Baker and Proctor 1990; Jenkins et al. 2000) . In particular, nicotine is almost entirely contained in the vapor phase of ETS as opposed to its occurrence in the particulate phase of mainstream and sidestream smoke (Baker and Proctor 1990) .
Previous studies have shown that the environmental aerosols emitted by heated tobacco products have much less impact on an indoor environment than ETS generated by smoking cigarettes (Forster et al. 2018; Frost-Pineda et al. 2008; Ichitsubo and Kotaki 2018; Mitova et al. 2016; Nelson et al. 1998; Prodanchuk et al. 2017; Protano et al. 2016 Protano et al. , 2017 Ruprecht et al. 2017; Schober et al. 2018; Tricker et al. 2009 ). This is to be expected, because on the one hand, the aerosol formation of the heated tobacco products does not involve tobacco combustion or high-temperature pyrolysis, leading in turn to a significant reduction in the generation of HPHCs. On the other hand, by design, the electrically heated tobacco products do not have a smoldering tipreleasing sidestream smoke formed by combustion of tobacco, thus omitting the main contributors to indoor pollution caused by cigarettes.
The assessment of Nelson et al. (1998) on carbon tip heat source tobacco prototypes showed that the ETS markers were reduced by at least 80% compared with the ETS of commercial cigarettes, with the exception of CO, which was reduced by 11-30%. Studies investigating electrically heated cigarette smoking systems (EHCSS), predecessors of the current THS 2.2, demonstrated a substantial reduction for most air constituents and ETS markers compared with cigarette smoking (Frost-Pineda et al. 2008; Tricker et al. 2009 ). Thus, the environmental aerosol evaluations of early generations of EHCSS showed gas-phase markers (CO, total volatile organic compounds [TVOC], 3-ethenylpyridine) similar to non-smoking levels, while ammonia concentrations were reduced by 40%, and the concentrations of particulate-phase markers were more than 90% below those of cigarettes (Frost-Pineda et al. 2008) . A study conducted under simulated BOffice^and BHospitality^environments revealed that 24 out of 29 measured smoke constituents had mean reductions greater than 90%, and 5 smoke constituents had mean reductions between 80 and 90% in experiments with EHCSS compared with cigarettes (Tricker et al. 2009 ).
In a comprehensive assessment of THP 1.0 (marketed under the Glo® brand name) use in BOffice,^BHospitality,^and BResidential^simulations, Forster et al. (2018) reported most of the 40 analyzed constituents below detectable or at baseline levels, except for nicotine, acetaldehyde, formaldehyde, and PM, whose levels were typically more than 90% lower than those of cigarette smoke.
In another comprehensive study, Ichitsubo and Kotaki (2018) investigated the impact of using a novel tobacco vapor product (NTV, marketed under the Ploom Tech® brand name) on IAQ in an environmentally controlled chamber under simulated non-smoking environments (BConference Room^and BDining Room^) and one ventilated smoking environment (BSmoking Lounge^). All 16 measured markers were either below the quantification limits of the methods or at background levels, leading to the conclusion that under the simulations tested, the NTV product had no measurable effect on IAQ, in either non-smoking or smoking areas.
The air quality during indoor use of THS 2.2 was investigated recently in model environments with limited control of the environmental parameters (Prodanchuk et al. 2017; Protano et al. 2016 Protano et al. , 2017 Ruprecht et al. 2017) , in simulated environments using an environmentally controlled room , and in real-life environments (car interiors) (Schober et al. 2018) . Different air pollutants were investigated under different ventilation conditions and frequency of product use. All studies demonstrated substantially lower emissions of toxic compounds in indoor air compared with cigarettes.
In our previous study evaluating the air quality during indoor use of THS 2.2 under simulated BOffice,^BHospitality,â nd BResidential^environments, the concentrations of 16 of the 18 constituents studied did not exceed the background concentrations determined when non-smoking panelists were present in the environmentally controlled room under equivalent conditions . Only acetaldehyde and nicotine concentrations increased above background concentrations in all studied simulations with THS 2.2. In contrast, in all simulations, the smoking of Marlboro Gold resulted in significant increases in the concentrations of all measured air constituents.
Aiming to further evaluate the impact of THS 2.2 on IAQ, this study was performed under a low ventilation representative of residential environments with natural ventilation (European Committee for Standardization 2007). This ventilation corresponds to moderate levels of expectations of the occupants (expected 30% percent of dissatisfaction) and may be used for existing buildings (European Committee for Standardization 2007). The concentrations of representative particulate and gas-vaporphase ETS constituents (Jenkins et al. 2000) , productspecific compounds , and air quality markers were measured during indoor use of the regular (non-menthol) THS 2.2 versus background air. Cigarette smoking (Marlboro Gold) was used as a positive control. In addition to the list of air constituents assessed during the previous study , namely non-specific particulate-phase markers (ultraviolet PM (UVPM), fluorescent PM (FPM)), particulate-phase tobacco-specific marker (solanesol), gas-phase tobacco-specific markers (3-ethenylpyridine, nicotine), volatile organic compounds (VOC: acrylonitrile, benzene, 1,3-butadiene, isoprene, toluene), low-molecular-weight carbonyls (acetaldehyde, acrolein, crotonaldehyde, formaldehyde), and gases (CO, nitrogen oxide (NO), combined oxides of nitrogen (NO x )), six additional air constituents were measured. These additional analytes were TVOC, nicotine-derived nitrosamine ketone (NNK), N-nitrosonornicotine (NNN), glycerin, propylene glycol, and online measurement of PM (PM 1 μm (PM 1 ) and PM 2.5 μm (PM 2.5 )). The online measurement of PM replaced the respirable suspended particles gravimetric measurement. The air constituents investigated during this study included compounds from the abbreviated U.S. Food and Drug Administration list of HPHCs (Food and Drug Administration 2012), compounds from the World Health Organization (WHO) priority list of toxicants (World Health Organization 2014), constituents with relevance for air quality, and product-specific markers (Supplementary Table S1 ).
Materials and methods

Study design
A scenario representing a BResidential category III^envi-ronment was simulated in a walk-in environmentally controlled room (size 24.1 m 2 , 72.3 m 3 ) equipped with an air lock ( Supplementary Fig. S2 ). The occupant density was set at 8 m 2 /person (two volunteer panelists and one Philip Morris International (PMI) staff member). The ventilation rate of 37 m 3 /h (0.5 air changes/h) was based on the European ventilation performance standard EN 15251 (European Committee for Standardization 2007). The simulation conditions were used to compare the IAQ when panelists used either the THS 2.2 or when they smoked Marlboro Gold, to the background levels. All experiments lasted 2 h during which the panelists first remained in the environmentally controlled room without any test product consumption (background session). Then, following a 60-min break, the panelists returned to the room and used the test products (either THS 2.2 or Marlboro Gold) according to a pre-defined time schedule (product-use session). Panelist 1 started to use the test product immediately at the beginning of the assessment period (t = 0 min) and used a new test product at intervals of 20 min; panelist 2 started to use the test product at t = 10 min and used a new test product at intervals of 20 min (6 test products per hour, total of 12 test products for the 2-h session). In a separate experiment, the panelists were left to decide the quantity of THS 2.2 sticks they wished to consume as well as the rate of consumption (experiments with no restraint in THS 2.2 use, ad libitum experiments, 8-15 sticks, Supplementary Table S4 ). The puffing intensity on the THS 2.2 by the individual panelists was measured by determination of nicotine in the mouthpiece filter of the sticks.
Each set of experiments was performed on a separate day, starting at approximately 9:30, with the background determination lasting 2 h, followed by a 60-min break with no panelists in the room and a subsequent 2-h product-use session. Each assessment type (THS 2.2 controlled consumption, THS 2.2 ad libitum, Marlboro Gold controlled consumption) had three to four replicates. Assessments with the same product (either THS 2.2 or Marlboro Gold) were grouped in the same week to avoid cross-contamination from one assessment to another and to rationalize the overall time investment. Air sampling was performed for 2 h starting at time t = 0 min.
To confirm the ventilation rate in the environmentally controlled room, a tracer gas method was used according to the International Organization for Standardization (ISO) standard method ISO 16000-8 (International Organization for Standardization 2007). The room was flooded with carbon dioxide (CO 2 ) up to a concentration of 1%, and the decay rate of CO 2 was measured over 13 h using a non-dispersive infrared instrument (X-Stream™ Process Gas Analyzer).
The environmental room was air-washed at the maximum flow rate of filtered fresh air (750 m 3 /h) for 15 min after the background session (this was followed by stabilization of the ventilation at 0.5 air changes/h for 45 min prior to the productuse session) and overnight between the individual assessments. Prior to the study and at the end of each week, the walls, floor, ceiling, and furniture were washed with a water/ ethanol mixture (80:20, v/v).
Determination of indoor air constituents
A description of the methods for quantification of nicotine/3-ethenylpyridine, aerosol formers (glycerin/propylene glycol), TVOC, online measurement of CO, and online measurement of PM is given in the Supplementary Material. The rest of the analytical methods and their validation have been previously described (Gómez Lueso et al. 2018; Mottier et al. 2016) . The methods used in this study were accredited according to ISO 17025 by the Swiss Accreditation Service (Accreditation number STS 0045, SAS, Bern, Switzerland, accreditation type B and C).
Data treatment
All data were reported if the measured values were between the lower working range limit (LWRL) and the upper working range limit (UWRL) of the analytical method. For analytes measured below, the LWRL was reported.
The main objective of the statistical analysis was to assess the impact on the background IAQ (e.g., concentrations of measured indoor air constituents) in the environmentally controlled room when either THS 2.2 or Marlboro Gold was used under identical experimental conditions. The same statistical approach as described by Mitova et al. (2016) was applied. Details are presented in the Supplementary Materials.
A summary of the descriptive statistics for each of the measured airborne constituents per assessment type and per day is given in the Supplementary Table S3 and Table S4 , respectively, together with the outcome of the statistical test for equality, summarized in Tables S5-S7 .
Results
Results for offline analytes Table 1 and Supplementary Tables S3-S4 summarize the data obtained for the measurement of all airborne constituents in the background sessions, environmental aerosol of THS 2.2, and ETS of Marlboro Gold.
In the BResidential category III^simulations, similar to the previously investigated simulated environments , for both the background and THS 2.2 sessions, the indoor air concentrations of UVPM, FPM, solanesol, 3-ethenylpyridine, acrolein, crotonaldehyde, acrylonitrile, and 1,3-butadiene were below the lower working range of the respective analytical methods (Table 1 and Supplementary  Tables S3-S4 ). This was also the case for the newly measured propylene glycol, NNK, and NNN, which were found below the reporting limits of the respective analytical methods in all background and THS 2.2 sessions (Table 1 and  Supplementary Tables S3-S4 ). Contrariwise, all these constituents were quantified in all air samples from the Marlboro Gold sessions with a relative standard deviation (RSD) below 7%, except for acrolein (RSD 16%) and propylene glycol (RSD 35%) (Table 1 and Supplementary Tables S3-S4) .
Consistent with the results for the previously investigated simulated environments , nicotine, acetaldehyde, formaldehyde, benzene, isoprene, and toluene were quantified in the background and during sessions with THS 2.2, together with the newly measured TVOC (in toluene equivalents), while glycerin was present in air only in the sessions with THS 2.2 use (Table 1 and Supplementary  Tables S3-S4) .
Nicotine was quantified during all sessions of the study. The maximal concentrations for nicotine in all THS 2.2 sessions did not exceed 2.53 μg/m 3 , more than one order of magnitude below those in air enriched with ETS of Marlboro Gold (range minimum-maximum value 47.2-53.8 μg/m 3 ; Supplementary Table S3) . It is interesting to note that the residual levels of nicotine in the background of the Marlboro Gold sessions (i.e., trace levels of nicotine remaining in the environmentally controlled room after smoking of cigarettes despite the overnight air purge) were in the range of 1.66-2.40 μg/m 3 (minimum-maximum for day 2-day 4 of the background for Marlboro Gold, Fig. 1 Table S3) . Under BResidential category III^environmental conditions, results close to those of formaldehyde were obtained for benzene, isoprene, toluene, and TVOC (in toluene equivalents), and the concentrations of these compounds were similar in the background and THS 2.2 sessions, while they increased by at least one order of magnitude when Marlboro Gold was used indoors (Table 1, Supplementary Table S3) .
Тhe concentrations of glycerin in all background sessions were below the working range of the method, while similar concentrations of glycerin were quantified in all sessions with THS 2.2 and Marlboro Gold consumption (Table 1,  Supplementary Table S3) .
The 95% confidence interval of the difference in mean concentrations for formaldehyde, benzene, toluene, and TVOC in the THS 2.2 sessions and corresponding background sessions was included within the method critical difference, while the 95% confidence interval of the mean differences for nicotine, acetaldehyde, isoprene, and glycerin was larger than the method critical difference Tables S5-S6 ). The differences in means for nicotine, acetaldehyde, formaldehyde, benzene, isoprene, toluene, TVOC, and glycerin between the background and Marlboro Gold sessions were statistically significant (Supplementary Table S7 ).
Results for TVOC qualitative analyses
TVOC gives a general picture for the presence of nonpolar and slightly polar VOC (boiling point in the range 50-260°C) in the indoor environment, and it is defined as the sum of VOCs that elute between and including nhexane (C 6 ) and n-hexadecane (C 16 ) on a non-polar column (International Organization for Standardization 2011). The ISO norm (International Organization for Standardization 2011) requires identification of the compounds with concentrations in toluene equivalents above 2 μg/m 3 . The qualitative profiles included in the C 6 -C 16 window (International Organization for Standardization 2011) of the sessions with THS 2.2 use, and their corresponding backgrounds were very similar in the range above 2 μg/m 3 (Fig. 2) . In fact, the same compounds were identified in the C 6 -C 16 window as required by the ISO standard (International Organization for Standardization 2011) (Supplementary Table S8 ) in both the THS 2.2 sessions and the respective background.
The only differences were due to different peak intensities resulting in turn in slightly different toluene equivalents for the TVOC values. In contrast, qualitative differences were evident for the chromatographic profiles when comparing sessions with ETS to both background air and air enriched with environmental aerosol of THS 2.2 (Fig.  2) . The list of compounds identified by comparison with authentic standards in the C 6 -C 16 window above 2 μg/m 3 for the sessions with THS 2.2 use and the corresponding background sessions are summarized in Supplementary  Table S8 (and also in Fig. 2 ).
Results for online analytes
The online trace of PM 1 and PM 2.5 monitored during the background, THS 2.2, and Marlboro Gold sessions are displayed in Fig. 3 .
The PM 1 and PM 2.5 online signals measured by DustTrack for ETS showed several maxima. During the session with Marlboro Gold, each cigarette smoked led to an increase in the PM levels, which subsequently resulted in a peak. Altogether, 12 peaks were monitored corresponding to the smoking of 12 cigarettes (one cigarette consumed every 10 min during the 120-min session). The ventilation removed only partially the indoor PM, and the initial levels were not recovered, with a progressively upward, saw-tooth-like trend being observed. In contrast, the online measurements of background air and environmental aerosol of THS 2.2 both showed a similar pattern: a flat line was recorded throughout the sampling period, and the measured PM 1 and PM 2.5 levels were below the quantification limit of the method (Fig. 3) . Figure 4 and Supplementary Fig. S3-S4 show a representative plot of the CO, NO, and NO x online measurements, respectively, during the background, THS 2.2, and Marlboro Gold sessions.
Similar to the online measurements of PM, the signals for CO, NO, and NO x of ETS showed 12 maxima, reflecting the Fig. 1 (Fig. 4, Supplementary Fig.  S3-S4) . In contrast, a flat line was obtained for the environmental aerosol resulting from the use of THS 2.2 and online measurements of background (Fig. 4, Supplementary Fig. S3-S4 ). The CO, NO, and NO x levels during the THS 2.2 session did not exceed the background levels (Table 1, Supplementary  Table S3) . Table S8 ): 1-butanol (1), benzene (2), propylene glycol (3), toluene (4), ethylbenzene (6), 1,3-butanediol (7), benzaldehyde (10), unknown (probably alcanoic acid) (11), benzyl alcohol (12), nonanal (13), 2-phenoxyethanol (15) The 95% confidence interval of the mean difference for the CO, NO, and NO x measurements in all THS 2.2 sessions and corresponding backgrounds as well as Marlboro Gold sessions and corresponding backgrounds did not include 0, thereby demonstrating statistically significant differences between all samples (Supplementary Tables S5-S7 ). Careful inspection of the data (Table 1 and Supplementary Tables S3-S4 ) indicated that the concentrations of CO, NO, and NO x in the sessions with THS 2.2 were lower than background CO, NO, and NO x levels, respectively. In contrast, during the Marlboro Gold session, the levels of CO, NO, NO x , PM 1 , and PM 2.5 concentrations were found to be substantially higher than the background levels.
Results obtained for measurements of nicotine in filters
The user's mouth level exposure (MLE) was estimated from the amount of nicotine analyzed in mouthpiece filters recovered from the used THS 2.2 HeatSticks during the study (Supplementary Table S9 ). The mouthpiece filter analysis for the estimation of a HeatStick user's MLE is a method proposed in a published study (Poget et al. 2017) . This determination requires pre-defined linear calibration regression equations calculated between nicotine yields in mainstream aerosols and corresponding nicotine amounts in mouthpiece filters. In the present study, calibrations were derived from analytical puffing of HeatSticks conducted in the laboratory under five different smoking machine regimes (Supplementary Table S9 ) simulating different possible human usage behavior.
The distribution pattern of the nicotine retained in the mouthpiece filters for the different THS 2.2 sessions is summarized in the Supplementary Figs. S5-S6 .
Nicotine quantified in air was attributed to exhaled nicotine. However, due to nicotine retention in the body, users' MLE to nicotine is not representative of the exhaled nicotine amounts. Therefore, nicotine retention in the body was derived from MLE and nicotine quantified in air. Data and calculations of estimated nicotine retention in the body derived from estimated MLE and nicotine quantified in air are presented in Supplementary Table S10.
Discussion
Simulation of high-load residential environment
Studies on the environmental aerosol generated by using THS 2.2 in the Breal-world^present the challenge that the nonspecificity of most smoking-related and IAQ markers, and the low levels of environmental emissions of THS 2.2 make it difficult to distinguish the impact of the THS 2.2 environmental aerosol from those of confounding sources of indoor pollution (Kauneliene et al. 2018) . Therefore, the previously reported studies ) and the present assessment were performed using simulations of Breal-world^con-ditions under strictly controlled experimental conditions. For comparative studies, this approach has a major advantage: VOC and particle filters can be used to minimize and control additional environmental sources of indoor air constituents. This approach is reported in other studies on heated tobacco products (Forster et al. 2018; Ichitsubo and Kotaki 2018; Nelson et al. 1998; Tricker et al. 2009 ). In contrast, several investigations have been performed in indoor environments with limited control of the environmental parameters and without air filtration (Frost-Pineda et al. 2008; Protano et al. 2016 Protano et al. , 2017 or even in real-life environments (Prodanchuk et al. 2017; Ruprecht et al. 2017; Schober et al. 2018) .
Important considerations in simulations of real-life environments include the assessment of the representativeness of the selected conditions and whether the reported concentrations of airborne pollutants are comparable to those reported in the literature for similar environments. Most existing residential buildings still rely on natural ventilation, which is based on the use of temperature differences and wind with facade grills in combination with exhausts (e.g., corridors, toilets), infiltration caused by air leakage and openable windows. In the EN 15251 standard (European Committee for Standardization 2007), the recommended ventilation for residential environments conforming to a moderate level of occupants' expectations (anticipated 30% dissatisfaction; residential category III environment) corresponds to 0.5 air changes/h. These values are the same as the Japanese ventilation recommendations for residential buildings (Ministry of Land, Infrastructure, Transport and Tourism of Japan nd). In the USA, the recommended ventilation levels for residential buildings are slightly higher, with the lowest level being 0.7 air changes/h (American Society of Heating, Refrigerating and Air-Conditioning Engineers 2016).
The number of tobacco products consumed in an indoor environment is currently not specified explicitly in any norm. Previously, the ventilation for smoking lounges, considered as specific indoor environments where all occupants are smokers, was calculated based on a smoking rate of three cigarettes/person/h or, for so-called heavy-smoker lounges, of six cigarettes/person/h (Glantz and Schick 2004) .
Taking all these arguments into account, to reproduce highload indoor conditions corresponding to low aeration with high consumption of tobacco products, ventilation rates of 0.5 air changes/h with six sticks/h were selected as representative for residential conditions.
The degree of typicality of the selected simulation conditions could be evaluated by comparison with the data for real-world concentrations of ETS markers in homes where smoking occurred. The reported real-world values for residential environments for all listed airborne constituents were several times below those quantified for the sessions with Marlboro Gold, except for those for benzene and toluene, which were at a similar level (Supplementary Table S11 ). Therefore, comparison with literature data suggests that the concentrations of ETS markers reached in this study for the assessments with Marlboro Gold were indeed representative of high-load smoking environments (Supplementary Table S11 ). In addition, as foreseen due to the lowering of the ventilation rates, the indoor concentrations of all measured constituents during the assessments with Marlboro Gold were higher in comparison with the previously reported concentrations for the other simulated environments ).
Characterization of the environmental aerosol of THS 2.2 in a high-load residential environment
The analyses of the data indicated different qualitative and quantitative patterns for the environmental aerosol of THS 2.2 emitted during indoor use of THS 2.2 under simulated conditions of a high-load residential environment compared with those of the ETS of cigarettes. In fact, the outcome of this study further substantiated the conclusion that the use of THS 2.2 in indoor environments resulted not only in considerable reductions of pollutants in comparison with cigarette smoking but also, more importantly, in very similar concentrations of measured indoor air constituents to those found in the absence of tobacco product use.
No quantifiable to negligible increases (within the uncertainty of the analytical methods) of the typical particulatephase markers for ETS, either measured online (PM 1 and PM 2.5 ) or as non-specific particulate-phase markers (such as UVPM and FPM) or as a specific particulate-phase marker for tobacco products (such as solanesol), were determined for the THS 2.2 sessions (Table 1 and Supplementary Tables S3-S4) . The results for UVPM and FPM were expected since the aerosol of THS 2.2 contains constituents formed mainly by distillation from the tobacco matrix with low concentrations of thermal degradation products , and only very low to negligible levels of organic residue might be released in the indoor environment during product use. Contrariwise, the smoking of cigarettes, used as positive control, led to a strong increase of UVPM and FPM markers (Table 1, Supplementary Tables S3-S4 ). Furthermore, the low levels of solanesol would be considered likely due to the retention of this compound in the body of the THS 2.2 user (> 50%) (Baker and Dixon 2006) . The results of a study in passenger car interiors also showed almost no impact on the median number concentrations of microscale particles, particularly PM 2.5 , but the particle number concentrations of nanoscale PM (25-300 nm) increased in all car interiors (Schober et al. 2018 ). Conversely, some other studies on PM during indoor use of THS 2.2 indicated somewhat different results (Protano et al. 2016 (Protano et al. , 2017 Ruprecht et al. 2017) . Indeed, Ruprecht et al. (2017) reported an increase in PM 1 and PM 2.5 together with PM 10 above the background levels during indoor use of THS 2.2, but these increases were lower (less than 2%) than that measured for cigarettes. Particle number concentrations for nano-sized PM and those above 0.3 μm (Ruprecht et al. 2017 ) and for PM in the 5.6-560 nm range (Protano et al. 2016 (Protano et al. , 2017 were measured, and in both studies, a brief, low-level increase above the background concentrations during use of THS 2.2 was found. Determining the reason for the differences in some observations of the different studies is rendered difficult by the fact that the equipment used in the current study differed from that used by the other research groups (e.g., no measurement of PM less than 100 nm was performed by us to verify the results on particle number concentrations of ultrafine suspended PM) (Protano et al. 2016 (Protano et al. , 2017 Ruprecht et al. 2017; Schober et al. 2018) . Apart from this, a plausible explanation for the differences in measurements of suspended PM could be as follows. The mainstream aerosol of THS 2.2 contains respirable liquid-based PM (< 2.5 μm) mainly composed of water and glycerin (Pratte et al. 2017 (Pratte et al. , 2018 Schaller et al. 2016) , thus being an aerosol with characteristics of mist. These aerosol droplets dissipate quickly in the indoor environment after release, as evaluated by machine smoking (less than 1 min). It is plausible to assume that the water evaporates in the airborne liquid particles emitted during the consumption of THS 2.2, leaving behind the less volatile glycerin in droplets largely reduced in size, probably in the nanoscale range. If the concentrations of the aerosol droplets exhaled during the THS 2.2 sessions had been above 5 μg/m 3 (the validated detection limit of DustTrak) and with sizes above 100 nm, they would certainly have been measured by the DustTrak instrument. Future studies using additional equipment for measurement of PM (e.g., by using equipment for measurement of nanoscale suspended PM as well as simultaneous measurement of PM x (x in the range < 100 nm-10 μm) at different distances from the users) will provide further insight into the nature, concentration, size, and numbers of PM released during indoor use of THS 2.2. It is important to recognize that currently, due to lack of sufficient evidence for adverse effects on health, no specific air quality guidelines for PM 1 or PM below 100 nm exist (Cassee et al. 2013) .
Furthermore, Ruprecht et al. (2017) described low-level emissions of organic residue associated with PM during indoor use of THS 2.2 and identified the constituents as C 20 -C 38 n-alkanes, C 10 -C 30 fatty acids, and the anhydrosugar levoglucosane. The most abundant of the n-alkanes (hentriacontane and heptacosane) and fatty acids (palmitic and linoleic acids) are common plant metabolites, which were identified in the PM of the mainstream aerosol of THS 2.2 (Food and Drug Administration 2017); therefore, their release at low to negligible levels in the indoor environment during THS 2.2 use is plausible. Due to the negligible levels of PM monitored during THS 2.2 sessions in the previous studies ) and the current investigation, we have not performed further examination of the PM data described by Ruprecht et al. (2017) .
Sixteen of the 18 studied gas-phase ETS markers in the THS 2.2 sessions did not exceed those found in the background (Table 1, Supplementary Tables S1, S3-S4 ). In particular, 3-ethenylpyridine, a specific gas-phase marker of ETS formed by thermal decomposition of nicotine during tobacco combustion (Jenkins et al. 2000) , was not detected during the THS 2.2 assessments and neither were the two cancerogenic TSNAs (NNN and NNK). Consistent with these results, 3-ethenylpyridine was not detected in the study of Schober et al. (2018) .
Under conditions of a simulated high-load residential environment, it seemed plausible that the IAQ room background itself and/or the emissions from exhaled breath, skin, and personal belongings of the panelists influenced the indoor concentrations of formaldehyde, benzene, isoprene, toluene, TVOC, CO, NO, and NO x . These observations corroborate well with findings from previous studies . Indeed, the airborne concentrations of formaldehyde, benzene, toluene, CO, NO, and NO x in the sessions with THS 2.2 use were slightly below those for the background, suggesting general within-day (background vs. THS 2.2 use) and between-day variations (replicates on different days) of the background levels of these compounds (Table 1 and  Supplementary Tables S3-S4) . Caponnetto et al. (2018) analyzed the CO levels in the exhaled breath of THS 2.2 users and cigarette smokers and found, in contrast to cigarettes, no increase of CO levels after THS 2.2 use. Conclusions similar to those of the present study were drawn by Prodanchuk et al. (2017) for CO and formaldehyde. In that study, during the consumption of 80 sticks of THS 2.2 by 20 volunteers in a bar where 80 volunteers were present, only a slight increase in CO and formaldehyde air concentrations was measured, explained by the researchers as the normal background drift caused by human presence and recreational activities. Likewise, Schober et al. (2018) found the airborne concentrations of CO, benzene, toluene, and formaldehyde in the interiors of cars (2-5 m 3 , 2 sticks of THS 2.2 in 20 min) within the range of background pollution. Contrariwise, Ruprecht et al. (2017) described an increase in the formaldehyde concentrations during indoor use of 10-14 sticks of THS 2.2, which was interpreted based on simultaneous indoor vs. outdoor measurements of the formaldehyde concentrations, but which lacked additional baseline control of the indoor levels without any tobacco product use. The latter experiments were performed in the living room of an apartment occupied by habitual smokers, which, like any indoor environment, has higher indoor levels of formaldehyde compared with the outdoor levels due to emissions from furniture and furnishings, fabrics, and personal care products and due to normal metabolism of the panelists (Salthammer et al. 2010) . Outdoor air has formaldehyde concentrations typically around 1-4 μg/m 3 due to fast photo-oxidation of formaldehyde in sunlight to carbon dioxide (World Health Organization 2010). In contrast, the indoor concentrations of formaldehyde in the European Union in non-smoking environments is typically at median levels of 26 ± 6 μg/m 3 (90th percentile ± standard deviation, 59 ± 7 μg/m 3 ) (Kotzias et al. 2005) . Thus, the difference in the result for formaldehyde in the current study and in Ruprecht's study might result from the fact that background measurement was only partially performed in the latter study (Ruprecht et al. 2017) .
In the present study, a slight increase above the background levels was found for isoprene and TVOC concentrations (Table 1 , inside the method critical difference for TVOC and outside for isoprene; see also Supplementary Tables S5-S7) . When comparing the TVOC traces in the THS 2.2 sessions with those of their respective backgrounds (Fig. 2) , a high similarity was noted. In fact, the same compounds were identified in the C 6 -C 16 window (Supplementary Table S8) in both the THS 2.2 sessions and their respective backgrounds. The only differences were due to different peak intensities, resulting in turn in slightly different toluene equivalents for the TVOC values. It should be noted that TVOC levels provide a general picture for the presence of VOCs in the indoor environment, which would also include emissions from the indoor environment, people, and their personal belongings. It is generally accepted that the lower the TVOC concentrations in indoor air are, the lower the risk is that any of these VOCs will contribute to a perception of discomfort. At TVOC concentrations of 22.2 μg/m 3 of toluene equivalents for the sessions with THS 2.2 use (background at 20.4 μg/m 3 ), the TVOC levels were well below the comfort threshold of 200 μg/m 3 (Molhave 1991) . During the background and THS 2.2 sessions, 17 compounds were detected above 2 μg/ m 3 in the TVOC trace (Supplementary Table S8 , Fig. 2 ). They belong to the group of aromatic hydrocarbons, alcohols, carbonyls, and cyclic volatile methyl siloxanes. These compounds were reported for different indoor environments with no use of any tobacco products (Brown et al. 1994; Ishizaka et al. 2018; Jurvelin 2003) . For example, nonanal is a straight chain aldehyde associated with human presence and is considered to derive from ozone reaction with skin lipids (Kwak et al. 2015) . It is important to note that propylene glycol, in contrast to e-cigarettes, is not an aerosol former for the THS 2.2 aerosol. Small quantities are used for the preparation of the flavor mixture; therefore, it is quantified at concentrations of approximately 300-500 μg/stick (unpublished data). At retention rates of 92% in the body of the users (St Helen et al. 2016) , only negligible airborne concentrations of propylene glycol are probable, which fits well with the results of the TVOC analysis and the dedicated method for measurement of propylene glycol (Table 1 and Supplementary Tables S3-S4) .
Likewise, Schober et al. (2018) measured the concentrations of 19 VOCs, including propylene glycol, during the THS 2.2 use in cars and found the levels of the measured compounds, except for those for nicotine, in the range of the control where no consumption of any tobacco product occurred.
Human presence influences the indoor levels of isoprene. In fact, isoprene, the major hydrocarbon found in human breath, is a marker for human presence (Giannoukos et al. 2014) , with generation rates per occupant estimated at 200-300 μg/h (Hodgson and Levin 2003) . In addition, as the main source of impact on IAQ when THS 2.2 is consumed is exhalation of non-retained mainstream aerosol constituents by the THS 2.2 user, the data on the mainstream aerosol of THS 2.2 give a good estimation of what might be expected in the THS 2.2 environmental aerosol. Indeed, lower levels of isoprene in the mainstream aerosol of THS 2.2 were measured compared with formaldehyde, which was found at background levels during the same experiment (isoprene 2.35 μg/stick vs. formaldehyde 5.53 μg/stick) . Considering these points, it would seem plausible that isoprene and TVOC levels increased slightly above the background during THS 2.2 sessions not due to the product use, but either as a result of contribution of the panelists themselves (isoprene, partially TVOC), or the general variations in the background (partially TVOC). In reality, it was difficult to properly aerate the IAQ room after the background session and remove all human-related VOCs, as it never remained empty due to the presence of technical staff checking the equipment and preparing trapping before and between the sessions.
To better understand the general variations in the background levels of the measured airborne constituents caused by residual emissions of building materials and infiltration of outdoor air, and in order to also properly evaluate the impact of the emissions from the panelists, a study was designed and conducted (manuscript in preparation). An example for the results with isoprene is given in Supplementary Fig. S7 .
In good agreement with the previous studies for simulated residential environments with a ventilation rate of 1.2 air changes/h , the measured concentrations of nicotine and acetaldehyde during the THS 2.2 sessions were higher than the background levels. This was also the case for the newly measured glycerin, with the average concentrations determined during all THS 2.2 sessions exceeding the concentrations measured in the background sessions when panelists did not use THS 2.2 (Table 1 and Supplementary  Tables S3-S4 ). This was to be expected, taking into account the concentrations of these constituents in the mainstream aerosol of THS 2.2 (acetaldehyde, 219 μg/stick; glycerin, 4.63 mg/stick; nicotine, 1.32 mg/stick) .
The number of the consumed HeatSticks influenced only to certain extends the concentrations of the airborne constituents (Supplementary Table S4 ). For example, the lowest average concentrations of nicotine were measured during the experiments with total of eight consumed sticks (mean 0.693 μg/m 3 , Supplementary Table S4 ). However, the highest nicotine concentrations were not measured during the session with the highest number of sticks (total of 15, mean 1.39 μg/m Table S4 ). Most likely the specific consumption behavior of the volunteer panelists influenced the indoor concentrations of the airborne compounds, and this observation warrants further research.
Glycerin was typically not measured in the background sessions (< LWRL); owing to the average retention in the body of the users of 84% (St Helen et al. 2016) , low airborne glycerin concentrations were expected during indoor use of THS 2.2, and glycerin was quantified at 13.3 μg/m 3 . The concentrations of nicotine during all the sessions with THS 2.2 use was relatively low (mean 1.48 μg/m 3 , Table 1,  Supplementary Table S3) . As indicated by the comparison of the theoretical nicotine concentration in air, an estimate based on the MLE, and the measured airborne nicotine (Supplementary Table S10), the retention by the panelists was in the range of 96.7-99.4%. These levels of retention were in agreement with literature data (Baker and Dixon 2006; Feng et al. 2007 ). However, the low experimental concentrations of nicotine in the environmental aerosol of THS 2.2 might also be explained to some extent by adsorption of nicotine on the surfaces, and this hypothesis merits further investigation.
In addition, the concentrations of acetaldehyde during all the THS 2.2 sessions were also in the low ppb range (mean 6.76 μg/m 3 , Table 1, Supplementary Table S3 ). Literature data indicate 90% retention of the inhaled acetaldehyde (Baker and Dixon 2006) . However, it must be mentioned that approximately half of the measured acetaldehyde concentrations were not due to THS 2.2 usage. Indeed, acetaldehyde is ubiquitous in all indoor environments (Kotzias et al. 2005) . Acetaldehyde is naturally contained in exhaled breath (Amann et al. 2014) . The levels measured during the background experiments were in the range of < 3.91-5.16 μg/m 3 (Supplementary Table S3 ), which is below the median acetaldehyde concentrations of 10-20 μg/m 3 found in European residences (Kotzias et al. 2005) . This collaborates well with the expected low background levels, which can be attributed to the use of filtered air and the requirements for the study (e.g., no use of perfumes and perfumed cosmetics). At these low background levels of acetaldehyde, it is feasible to quantify the increase of this compound during indoor use of THS 2.2.
Similar to the results for formaldehyde, Ruprecht et al. (Ruprecht et al. 2017) found an increase in the acetaldehyde concentrations during indoor use of 10-14 sticks of THS 2.2. Contrariwise, Schober et al. (2018) reported acetaldehyde concentrations during THS 2.2 use in cars within the range of background pollution with no smoking activity. Further studies should be undertaken to verify if it is possible that an increase in acetaldehyde above the background levels could be quantifiable in real-life environments and not only in evaluations in controlled experiments with filtered air.
The concentrations of 23 out of 24 measured indoor air constituents in the Marlboro Gold sessions, used as a positive control during the study, were higher than the background levels and those observed during the THS 2.2 sessions (Table 1, Supplementary Tables S3-S4) , which replicates the findings for the other simulated environments . The exception was glycerin, which was quantified at similar levels in the Marlboro Gold and THS 2.2 sessions.
The compounds clearly attributed to the use of THS 2.2 are acetaldehyde, glycerin, and nicotine. The indoor environments were generally free from the presence of nicotine and glycerin but contained low levels of acetaldehyde. However, as nicotine is readily absorbed onto surfaces and later desorbed and re-emitted (Hodgson et al. 1996) , residual amounts could be carried by the panelists. Indeed, nicotine was detected during most of the background sessions (Table 1, Supplementary Tables S3-S4 ). Nevertheless, it should be emphasized that cross-contamination clearly occurred from one session to another where Marlboro Gold was smoked, with a notable increase in the nicotine background levels from day 1 to day 4 of the experiments (Fig. 5) . In contrast, this was not the case for the sessions with THS 2.2, where this trend was not noticed (Fig. 5) .
On average, a smoker retains approximately 60-80% of PM, 80-100% of nicotine, 55-80% of CO, 100% of NO, 90-100% of carbonyls, 84-97% of NNN, and 63-84% of NNK on inhalation of mainstream cigarette smoke into the respiratory tract (Baker and Dixon 2006; Feng et al. 2007 ). Retention of individual compounds is influenced by several factors, including mouth-spill, inhalation volume, depth of inhalation, and breath-hold. Acetaldehyde and the tobacco-specific constituent nicotine are both known to occur in the exhaled breath of cigarette smokers (Baker and Dixon 2006; Feng et al. 2007 ). The presence of very low levels of nicotine and glycerin was also demonstrated for the exhaled breath of e-cigarette users, with estimated retention of 49% ≥ 99% (average 93.8%) and 4% ≥ 99% (average 84.4%) for nicotine and glycerin, respectively (St Helen et al. 2016) . No similar data are available for the retention of the mainstream aerosol components of THS 2.2, but in general, a similar retention for the same constituents is expected. Thus, it is plausible that when THS 2.2 is used, the source of impact on IAQ is exhalation of non-retained mainstream aerosol constituents by the THS 2.2 user. In addition, the current study also took into account the negligible emissions of THS 2.2, which occurred during the pre-heating phase and after completion of the consumption, as well as differences in the consumption behaviors of the volunteer panelists resulting from differences in mouth-spill, inhalation volume, depth of inhalation, and breath-hold.
Air quality standards and guidelines
The sheer quantity as well as the privacy of residential spaces makes it difficult to enforce IAQ standards. Raising public awareness and information are key to providing safer residential environments, because the vast majority of potential indoor pollution risks must be identified and managed by the occupants themselves (Kotzias et al. 2005) . The American Society of Heating, Refrigerating and Air-Conditioning Engineers (American Society of Heating, Refrigerating and Air-Conditioning Engineers 2016) defines IAQ as acceptable if the air contains no known contaminants at harmful concentrations as determined by cognizant authorities and with which a substantial majority (80% or more) of the people exposed do not express dissatisfaction. Thus, guideline values for key pollutants can be applied by judging the acceptability of IAQ in a building (Kotzias et al. 2005) .
The acetaldehyde concentrations measured during the use of THS 2.2 under BResidential category III^simulations (Table 1, Supplementary Tables S3-S4) The nicotine concentrations measured during the use of THS 2.2 (Table 1, Supplementary Tables S3-S4) were well below the indicative occupational exposure limit values of 500 μg/m 3 in the European Union (European Agency for Safety and Health at Work 2006) and the permissible exposure limit of 500 μg/m 3 defined by the U.S. Occupational Safety and Health Administration (Occupational Safety and Health Administration 1978). The maximum allowable contaminant levels specified in occupational exposure standards apply for healthy adult individuals, controlled exposures, and normal workweek exposure duration (typically 40 h per week), with provisions for simultaneous exposures to more than one regulated contaminant. Consequently, the maximum allowed concentration values are usually one to three orders of magnitude higher than those measured in residences buildings. Clearly, neither the approach nor the levels are applicable for general indoor air risk management, although occupational exposure limit values divided by 10 (to allow for a much longer exposure time and heterogeneous target population) have been sometimes used in the absence of an alternative, more effective method as indicative levels in non-industrial indoor spaces as well (Kotzias et al. 2005) . However, even if comparing with such an extrapolated 50 μg/m 3 limit, the levels of airborne nicotine during the indoor use of THS 2.2 remain at least one order of magnitude below.
The non-toxic substance glycerin was measured up to 13.3 μg/m 3 (mean, Table 1, Supplementary Tables S3-S4 ). This compound is not usually part of air quality regulations and is present only in workplace exposure guidelines. For example, the American Conference of Governmental Industrial Hygienists (American Conference of Governmental Industrial Hygienists 2001) sets a guideline level at 10,000 μg/m 3 , a concentration more than 750 times above that measured during THS 2.2 consumption.
Today, it is recognized that indoors, there is no safe level of exposure to ETS emitted by cigarettes (World Health Organization 2017). Indeed, during the experiments with the smoking of Marlboro Gold in a high-load-simulated residential environment, the indoor concentrations of several constituents exceeded the exposure levels set forth by cognizant authorities. Thus, the indoor concentrations of PM 2.5 , acrolein, acrylonitrile, benzene, 1,3-butadiene, and NO 2 (if the value for NO x is considered) all exceeded the minimal risk level for chronic exposure of the California Office of Environmental Health Hazard Assessment (California Office of Environmental Health Hazard Assessment 2016). Moreover, during cigarette smoking, the indoor concentrations for PM 2.5 and benzene were significantly above the guideline exposure levels set forth by the WHO (World Health Organization 2010) and the European Union (European Commission 2018) and those for formaldehyde in the European Union (Kotzias et al. 2005) .
Conclusions
Under simulated BResidential category III^environmental conditions, only two compounds listed as HPHCs (nicotine and acetaldehyde) and one specific compound (the aerosol former glycerin) were attributable to the indoor use of THS 2.2. The quantified concentrations of the three airborne compounds during indoor use of THS 2.2 in the high-load-simulated residential environment studies were below the harmful levels defined by cognizant authorities. Thus, normal hygienic measures, such as regular aeration of the residential spaces, would lead to efficient control of these low to negligible levels of pollution. Furthermore, the evaluation of the concentrations of PM, VOCs, and semi-volatile markers of ETS during simulations with THS 2.2 consumption showed that the environmental aerosol of THS 2.2 is very different from the ETS emitted during the smoking of cigarettes.
In conclusion, the use of THS 2.2 in an indoor environment, where norms for indoor exposure in terms of adequate ventilation are respected, does not adversely affect the overall IAQ.
